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ABSTRACT 

An external, arterial-blood-pressure transducer was designed, bui It; 

and tested on Contract NAS 2-809. This transducer was an improvement 

over an earlier version, designed and built at SRI under Contract 

NAS 2-515. 

The improved model provided a reasonable compromise between the 

small size that was desired and ease of construction. Tests showed 

satisfactory comparison between the reading of blood pressure from the 

transducer and the value given by a sphygmomanometer, thus verifying 

the design theory. Because of the relatively large size of the present 

transducer, it is most valuable for use on the radial artery. 
(A d7-NdP 
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DEVELOPMENT OF A BLOOD-PRESSURE TRANSDUCER 

I INTRODUCTION 

The previous research p ro jec t  resu l ted  i n  t h e  de r iva t ion  of a 

method of approach t o  t h e  design of an ex te rna l  ar ter ia l  blood-pressure 

t ransducer .  A s  a test of t h i s  method of approach, a t ransducer  was 

b u i l t  and found t o  s u b s t a n t i a t e  t he  basic  theory, although t h e  device 

suf fered  from seve ra l  d i f f i c u l t i e s  t ha t  severely r e s t r i c t e d  i t s  useful-  

ness .  The m o s t  apparent of these  were excessive zero s h i f t  and l a rge  

a r t e r i a l - r i d e r  s i z e .  

* 

The main ob jec t  of work under t h e  present  con t r ac t  was t o  design 

and bu i ld  an improved t ransducer  t ha t  avoided some of t h e  d i f f i c u l t i e s  

encountered with t h e  e a r l i e r  model and could be used f o r  f u r t h e r  tests 

of t h e  bas i c  theory.  

The o r i g i n a l  t ransducer  (designated Model 4) w a s  f u r t h e r  t e s t e d  to  

e s t a b l i s h  t h e  cause of i t s  excessive zero s h i f t .  I t  w a s  determined 

t h a t  t h i s  was pr imari ly  a temperature s e n s i t i v i t y  e f f e c t .  The t r ans -  

ducer temperature s e n s i t i v i t y  was found t o  be about 2 mv per  degree 

cent igrade,  compared t o  a pressure  s e n s i t i v i t y  of 1 mv per 100 mmHg. 

Simultaneous measurement of skin temperature and t ransducer  zero s h i f t  

showed c lose  co r re l a t ion .  From these t e s t s  i t  w a s  concluded t h a t  

temperature s e n s i t i v i t y  must be reduced by a t  least an order  of magnitude. 

In addi t ion,  two a t t e m p t s  were made t o  record i n t r a - a r t e r i a l  

p ressures  f o r  d i r e c t  comparison w i t h  t h e  lldodel 4 t ransducer  constructed 

under Contract  NAS 2-515. Arrangements w e r e  made a t  t h e  Stanford 

Hospi ta l  t o  measure blood pressure  a t  t h e  r a d i a l  a r t e r y  of a p a t i e n t  

during card iac  ca the t e r i za t ion .  The recording of pressure  a t  t h e  

b rach ia l  a r t e r y  i s  a normal procedure during t h i s  operat ion,  and per- 

mission w a s  given t o  t r a n s f e r  a portion of b rach ia l  a r t e r y  recordings 

* 
Contract NAS 2-515, with NASA's Ames Research Center, Moffett Field,  
Ca l i fo rn ia .  
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t o  t h e  SRI recorder  f o r  comparison purposes. 

t h e  t ransducer  t o  t h e  ann t h a t  was ca the te r ized  i n  order  t o  obta in  

t h e  g r e a t e s t  proximity of t he  two measurements. 

I t  w a s  decided t o  apply 

A number of d i f f i c u l t i e s  prevented a s a t i s f a c t o r y  comparison. 

F i r s t ,  both p a t i e n t s  (women) had f a i n t  pulse, an ind ica t ion  of small  

a r te ry  s i ze ,  and it  was not  poss ib le  t o  obta in  a ca l ib ra t ed  s igna l .  

Second, c a t h e t e r i z a t i o n  of t h e  brachial  a r te ry  r e su l t ed  i n  a r te r ia l  

spasm, occluding the  a r t e r y  and erad ica t ing  t h e  r a d i a l  a r t e r y  pulse .  

Although the  pulse  eventual ly  returned, t h e  i n i t i a l  l e v e l  was never 

regained. F ina l ly ,  i t  w a s  not p o s s i b l e  t o  r ead jus t  t he  t ransducer  

pos i t i on  because the  t ransducer  w a s  located i n  a steri le area  and re- 

quired complete covering with pro tec t ive  c lo ths .  Although some of t h e  

d i f f i c u l t i e s  could be avoided by using t h e  uncatheter ized arm, t h e  

problem of scheduling tests a t  t h e  hosp i t a l  l ed  t o  the  dec is ion  t h a t  

a d d i t i o n a l  tests should be delayed. 

Experience with t h e  Model 4 transducer ind ica ted  t h a t  t h e  a r t e r i a l  

r i d e r  w a s  too  l a rge  t o  permit successful  app l i ca t ion  on any but t h e  

very l a r g e s t  of s u p e r f i c i a l  a r t e r i e s .  I t  was concluded t h a t  t h e  

a r t e r i a l  r i d e r  should i d e a l l y  be about 0.020 inch i n  diameter o r  

smaller f o r  eventual  appl ica t ion  t o  an ar tery of t h e  temporal group. 

The requirement f o r  small  r i d e r  a r ea  with the  r e s u l t a n t  low l e v e l  

of force,  coupled with a necess i ty  fo r  very low displacements, c r e a t e s  

a force-measurement problem of extreme d i f f i c u l t y .  Adequate s e n s i t i v i t y  

was a t t a i n e d  i n  t h e  f i r s t  transducer by using semiconductor s t r a i n  

gages. This w a s  accomplished, however, a t  t h e  expense of l a r g e  r i d e r  

s ize .  A t  t h e  t i m e  t h a t  t ransducer  was constructed,  t h e  bes t  s t r a i n  

gages a v a i l a b l e  had a gage length of 0.5 inch.  Gage length u l t ima te ly  

d i c t a t e s  a l l  c r i t i c a l  dimensions of t he  t ransducer  f o r  a given s igna l -  

to-noise output  r a t i o .  

During t h e  pas t  year,  strain-gage technology advanced t o  t h e  point  

where very small  gages (0,050 inch gage length)  became commercially 

ava i l ab le .  This reduction i n  gage length al lows a s i g n i f i c a n t  reduct ion 
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i n  t he  a r t e r i a l  r i d e r  s i z e ;  however, a s  t h e  r i d e r  area i s  decreased, 

t h e  sk in  sur face  which contac ts  t h e  r i d e r  i s  presented through an aper ture  

smaller than t h e  a r t e r y  diameter.  When t h i s  occurs,  t h e  de f l ec t ion  of 

t h e  sk in  through the  aper ture  (with the  r i d e r  absent)  becomes s i g n i f i -  

can t ly  less than the  f r e e  de f l ec t ion  of t h e  sk in  over t h e  a r t e r y .  In  

order  t o  s a t i s f y  the  requirements fo r  a d i r ec t - fo rce  transducer,  t h e  

a r te r ia l  r i d e r  must r e s t r a i n  the  a r t e r y  t o  one-tenth of t h e  de f l ec t ion  

observed through t h e  aper ture ;  therefore ,  as t h e  r i d e r  s i z e  i s  decreased, 

t h e  r i g i d i t y  of t h e  t ransducer  measuring sys tem would have t o  be increased.  

This  i nc rease  i n  measuring system s t i f f n e s s  u l t imate ly  l i m i t s  t he  ex ten t  

of reduct ion i n  r i d e r  s i z e  because t h e  de f l ec t ion  becomes so s m a l l  t h a t  

t h e  r i d e r  movement i s  not measurable. 

The general  problem of measuring a s m a l l  f o rce  with near-zero 

displacement has  been solved i n  other app l i ca t ions  through the  use of 

a feedback fo rce  balance system. Th i s  has  an inherent  advantage i n  

t h a t  t h e  bas i c  pos i t i on  sensor need not be a l i n e a r  element. I t  need 

only be extremely s e n s i t i v e  and possess an inhe ren t ly  s t a b l e  zero o r  

reference pos i t i on .  One form of t h i s  device, using a Hal l -e f fec t  

t ransducer  w a s  constructed a s  a laboratory bench model. This  device 

displayed t h e  bas ic  s e n s i t i v i t y  and s t a b i l i t y  required,  but t h e  con- 

s t r u c t i o n  of a working blood-pressure t ransducer  of t h e  s i z e  des i red  

would have required much development work on t h e  bas i c  t ransducer  

t h a t  would not f i t  wi thin t h e  scope of t h e  present  con t r ac t .  

Af t e r  a review of t he  d i f f i c u l t i e s  a t tendant  t o  cons t ruc t ion  of 

t h e  i d e a l  t ransducer  w e  have envisioned, i t  was decided t h a t  t he  bas ic  

purpose of t h i s  cont rac t  could b e s t  be f u l f i l l e d  by completing a 

t ransducer  t h a t  would provide a reasonable compromise between des i red  

s m a l l  s i z e  and cons t ruc t ion  c a p a b i l i t i e s .  Using t h e  smallest s e m i -  

conductor s t r a i n  gages ava i l ab le  would allow the  design of a t ransducer  

t h a t  should f i t  an a r t e r y  such a s  the r a d i a l  a r t e r y  of a major i ty  of 

people. 

es tab l i shed ,  and t h e  r i d e r  aper ture  would not  a f f e c t  t h e  f r e e  a r te ry  

de f l ec t ion .  This t ransducer  would then be used t o  check t h e  bas i c  

A t  t h e  same t i m e ,  t he  construct ion techniques a r e  f a i r l y  w e l l  
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theory by t e s t i n g  i t s  a b i l i t y  to  obtain a precal ibrated (ca l ibrated 

p r i o r  t o  a p p l i c a t i o n  to t h e  artery)  arterial blood-pressure measurement 

f r o m  t h e  r a d i a l  a r t e r y .  
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I1 SUMMARY 

Tests of t h e  improved arterial  blood-pressure t ransducer  show an 

inc rease  i n  s e n s i t i v i t y  and l i n e a r i t y  over t h e  model developed on t h e  

previous con t r ac t .  

Temperature e f f e c t  on the  zero pressure output of t he  t ransducer  

i s  about 1 percent of f u l l  s c a l e  per  degree cent igrade;  c a l i b r a t i o n  

sensitivity t o  temperature i s  1.7 percent per degree cent igrade.  This  

i s  a d e f i n i t e  improvement over Model 4, and temperature s e n s i t i v i t y  i s  

not  a se r ious  problem with the  improved t ransducer .  U n t i l  more t rans-  

ducers of t h i s  design are b u i l t ,  i t  w i l l  not  be c e r t a i n  whether t h i s  

g r e a t l y  improved temperature response i s  t r u l y  representa t ive  of t he  

design o r  i s  due t o  a f o r t u i t o u s  combination of s t r a i n  gages. 

The improved t ransducer  shows no evidence of h y s t e r e s i s  due t o  

f r i c t i o n  as long a s  the  clearance between r i d e r  and s i d e  p l a t e s  remains 

f r e e  of obs t ruc t ion .  I t  w a s  found necessary t o  apply a 0.002-inch 

Mylar tape  cover t o  ensure t h a t  foreign material d id  not  e n t e r  t h i s  

c learance a rea .  

The improved t ransducer  exhibi ted a creep h y s t e r e s i s  with about 

a 60-second response t i m e .  This i s  believed t o  r e s u l t  from creep of 

t he  epoxy adhesive r a the r  than from metal components. The response 

could be caused e i t h e r  by a gradual  creep o r  r e l axa t ion  of t h e  gages 

on the  beam, or of the  beam on i t s  mounts. T e s t s  on bench model in -  

s t a l l a t i o n s  would be required t o  i s o l a t e  t he  problem. 

Comparison tests using t h e  sphygmomanometer as a standard have 

shown t h a t  t h e  i n d i r e c t  t ransducer  gives a preca l ibra ted  measure of 

blood pressure when appl ied  t o  the  r a d i a l  a r t e r y  of m o s t  sub jec t s .  

This  i n d i c a t e s  t h a t  t h e  0.030-inch r i d e r  width i s  a reasonable s i z e  

match with t h e  lumen of most r a d i a l  a r t e r i e s .  In  addi t ion,  i t  lends 

support  t o  t h e  t h e s i s  t h a t  t he  general  method of approach t o  ex te rna l  

blood-pressure measurement used i n  the design of t h i s  t ransducer  i s  

va l id .  
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An attempt w a s  made to  ob ta in  measurements of blood pressure from 

s e v e r a l  s u p e r f i c i a l  arteries. Only the  r a d i a l  and femoral arteries 

provided readings which agreed with the  c a l i b r a t i o n .  The small s i g n a l s  

f r o m  t h e  o t h e r  arteries w e r e  due t o  one of t w o  f a c t o r s :  inadequate 

f l a t t e n i n g  of t h e  ar tery w a l l  (caused by excessive ar tery depth o r  

r i g i d i t y  of overlying t i s sue ) ,  o r  i n s u f f i c i e n t  coverage of t h e  r i d e r  

(caused by s m a l l  artery s i z e ) .  

The cen t r i fuge  test  emphasized the  extreme d i f f i c u l t y  i n  maintaining 

pos i t i on  of t h e  t ransducer  over an a r t e r y .  This remains one of t he  most 

d i f f i c u l t  problems t o  be solved before t h i s  method can be appl ied under 

condi t ions  of acce le ra t ion .  

During a l l  tests of t h i s  transducer,  the reading of blood pressure 

w a s  never s i g n i f i c a n t l y  h igher  than the  value given by a sphgmomanometer. 

This  r e s u l t  conf inns t h e  theory of direct-f  o rce  measurement ,' and 

j u s t i f i e s  t h e  use of a condi t ion of maximum pulse  he ight  t o  e s t a b l i s h  

correct t ransducer  pos i t ion .  

The primary conclusion r e su l t i ng  from t h i s  work has been t h a t  in -  

d i r e c t  blood-pressure measurement by t h e  d i r ec t - fo rce  method i s  va l id ,  

and t h a t  a reduct ion i n  r i d e r  area w i l l  allow t h e  use of t h i s  method 

on smaller arteries such as those  of t h e  temporal group. 

I?  'Pressman, G. L., and Newgard, P. M., A Transducer f o r  t h e  Continuous 
# I  Externa l  Measurement of A r t e r i a l  Blood Pressure,  F i n a l  Report, Contract 

NAS 2-515, Stanford Research I n s t i t u t e ,  Menlo Park, Ca l i fo rn ia  
(December 1961). 
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I11 DESIGN OF TRANSDUCER 

Preliminary calculations showed that a transducer rider width of 

0.030 inch and length of 0.125 inch would be a reasonable size to fit 

the radial artery, and would allow the use of available semiconductor 

strain gages. A free skin deflection of 100 microinches was assumed 
to exist due to a pulse pressure amplitude of 40 mmHg. 

Micro Systems semiconductor strain gages No. MS-301-120 were chosen 

as representative of the state of the art in small gages. These gages 

have a nominal gage factor of 110, a resistance of 120 ohms, and an 

active gage length of 0.050 inch. Their temperature sensitivity is 

about 1 microinch/inch/OF. The temperature sensitivity of the gages 

was compensated for by using a four-arm strain-gage bridge and by in- 

cluding a thermistor (VECO-31 A-7) bonded to the strain beam to allow 

external compensation as required. 

A double cantilever beam configuration was chosen (Fig. 1) to 
allow placing all four gages on one surface, and to facilitate con- 

struction. Figure 1 also shows the moment diagram resulting from arterial 

pressure force acting on the arterial rider. The four strain gages were 

positioned to receive the maximum average strain available in both ten- 

sion and compression. Beam length and width were chosen to accommodate 

the available gages. 

The stiffness of a double cantilever beam can be expressed in terms 

of beam width, W; length, L; thickness, t; and the Young's modulus of 

the material, E, as follows: 

3 t K1 = 16 EW [E] 

An equivalent arterial stiffness can be defined in terms of arterial 

pulse pressure, P; the free skin deflection resulting from the pulse 

pressure, d; and the arterial rider area, A: 
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FIG. 1 STRAIN-GAGE LAYOUT 

Using t h e  des ign c r i t e r i o n  developed previously, '  tha t  t h e  trans-  

ducer s t i f f n e s s  should be approximately t e n  t i m e s  grea ter  than t h e  

p h y s i o l o g i c a l  system, t h e  two r e l a t i o n s  can be combined to g i v e :  
1/3 t 5 PA - -  

L - [?i ,,I 

'Final Report on Contract NAS 2-515. 
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-3 The beam dimensions w e  have chosen g ive  an a rea  A = 3.75 x 10 

square inches.  Free-skin de f l ec t ion  of t he  r a d i a l  ar tery has been 

measured a t  about 100 x 10 inches.  With 
-6 

Pulse pressure = 2 p s i  

Young's modulus = 10 x 10 p s i  
6 

(aluminum) 

Beam length = 0.220 inch 

Beam width = 0.125 inch 

t h e  beam thickness  required is  

-3 = 7.37 x 10 inches.  I 'I3 
2 3.75 

6 t = 0.220 
x 10 x 10 x 0.125 x 100 x 

With t h e  s t ra in-gage configurat ion shown i n  Fig.  1, t h e  average 

s t r a i n  imposed on each gage w i l l  be about 1/2 of maximum s t r a i n .  Using 

t h i s  approximation, t h e  s t r a i n  l eve l  experienced by each gage i s  given 

by t h e  r e l a t i o n :  

PA 1/3 (d)2/3 

Ew L Ef fec t ive  s t r a i n ,  E = 0.514 [-] - 

Using t h e  same values f o r  P, A, E, W, L, d a s  i n  t h e  previous ca l cu la t ion  

r e s u l t s  in:  

E = 9.2 microinch per inch f o r  2-psi a r t e r i a l  pulse  pressure,  

or  0.089 microinch per  inch per  mmHg. 

When measured by a s t ra in-gage bridge with fou r  a c t i v e  elements 

and 2.5 v o l t s  of br idge exc i t a t ion ,  t h e  r e s u l t i n g  vol tage  s e n s i t i v i t y  

(Eo) should be 
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V 
Eo = 4 (N) (GF) E 

-6 E = -  2*5 (4) (110) (0.089) x = 24.5 x 10 volts per mmHg 
0 4 

where V = excitation voltage, N = number of active gages, and GF = gage 

factor. 

Further description of design and construction is included in the 

Appendix. 
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I V  TRANSDUCER CALIBRATION AND TESTING 

A .  STATIC CALIBRATION 

A rubber membrane (0.010 inch th ick)  covering a pressurized cav i ty  

suppl ied a test pressure  t o  t h e  transducer f o r  c a l i b r a t i o n .  Although 

t h i s  apparatus  i s  by no means a t r u e  model of t h e  human a r t e ry ,  i t  

s a t i s f i e s  t h e  bas ic  requirement t h a t  t he  t ransducer  should respond only 

t o  pressure  changes t o  t h e  exclusion of membrane c h a r a c t e r i s t i c s .  

The s ta t ic  c a l i b r a t i o n  curve (Fig. 2) w a s  obtained using t h e  

apparatus  described above. From Fig.  2 it can be seen t h a t  t h e  t rans-  

ducer i s  l i n e a r  t o  wi th in  3-1/2 percent from 0 t o  200 mmHg and e x h i b i t s  

a s e n s i t i v i t y  of 27.5 microvol ts  per  mmHg. 

Temperature s e n s i t i v i t y  w a s  t e s t ed  over a 12OC range from 22OC t o  

34'C. Transfer r ing  t h e  t ransducer  from one w a t e r  bath t o  another over 

t h i s  range r e su l t ed  i n  a n  output response t h a t  rose t o  200 microvol ts  

i n  about t w o  seconds and then gradually re turned t o  wi th in  80 microvol ts  

of t he  o r i g i n a l  l e v e l  during a 2-minute i n t e r v a l  while temperature of 

t h e  t ransducer  components came t o  equilibrium with the  new environment. 

This represents  an equivalent  pressure response of 0.62 mmHg/'C f o r  

rapid temperature changes, o r  0.25 mmHg/OC f o r  changes of a very slow 

na ture .  This represents  a decrease i n  temperature s e n s i t i v i t y  t o  about 

1 percent  of t h a t  of t h e  o r ig ina l ,  Model 4, t ransducer .  The reduct ion 

i n  temperature s e n s i t i v i t y  described above w a s  obtained by using a 

four-active-arm s t r a i n  gage br idge of matched gages. The thermis tor  

was not  needed t o  compensate the  transducer.  

The t ransducer  w a s  a l s o  t e s t e d  for  c a l i b r a t i o n  s e n s i t i v i t y  t o  

temperature va r i a t ions .  The response t o  a 100-mmHg pressure  input  from 

t h e  a r t i f i c i a l  ar tery w a s  measured a t  temperatures ranging from 22OC 

t o  36OC. The r e s u l t i n g  s h i f t  i n  ca l ib ra t ion  w a s  determined t o  be 1 .7  

percent per degree centigrade,  and was l i n e a r  over t h i s  range of 

temperature.  
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B .  DYNAMIC CALIBRATION 

The r u b b e r  membrane a p p a r a t u s  was equipped w i t h  a Statham Model 

PM-6OTCk5 p r e s s u r e  t r a n s d u c e r  t o  measure dynamic p r e s s u r e s  a c t i n g  on t h e  

membrane t o  l o a d  t h e  SRI b lood-p res su re  t r a n s d u c e r .  The p r e s s u r e  w a s  i n -  

c r e a s e d  from 0 t o  200 mmHg i n  1 /5  second, w i t h  a maximum ra te  of p r e s s u r e  

r ise of  about  2000 mmHgisec. Both t r a n s d u c e r  o u t p u t s  were f e d  t o  a n  X-Y 

o s c i l l o s c o p e  t o  o b t a i n  t h e  dynamic c a l i b r a t i o n  c u r v e  shown i n  F i g .  3 .  The 

r e f e r e n c e  t r a n s d u c e r  o u t p u t  i s  recorded on t h e  X-axis, t h e  SRI t r a n s d u c e r  

o u t p u t  on t h e  Y-axis .  

0-200 mmHg INPUT PRESSURE 
M E A S U R E D  BY SRI TRANSDUCER 

FIG. 3 DYNAMIC RESPONSE CURV€ 

The o s c i l l o s c o p e  photograph p r e s e n t s  a g r a p h i c  d i s p l a y  of t h e  

t r a n s d u c e r ' s  l i n e a r i t y  under  dynamic p r e s s u r e  l o a d i n g s .  F u r t h e r  tes ts  

of t h i s  sor t  have shown t h e  e x i s t e n c e  of a c r e e p  h y s t e r e s i s .  Ho ld ing  

t h e  p r e s s u r e  a t  some c o n s t a n t  l e v e l  such as  200 mmHg w i l l  r e s u l t  i n  a 
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slow d r i f t  of t ransducer  output i n  which the  output tends t o  decrease 

over a one-minute period t o  cause an eventual  change of about 15 mmHg. 

The method of s t a t i c  c a l i b r a t i o n  used on t h i s  t ransducer  compensates 

f o r  t h i s  e f f e c t  so t h a t  t he  eventual  blood pressure reading i s  co r rec t  

a f t e r  about t h e  f i r s t  minute of measurement. The ex is tence  of t h i s  

phenomenon, however, suggests t h e  exis tence of creep i n  the  epoxy 

bonding of t h e  beam t o  t h e  transducer base, o r  of t h e  bonding of t h e  

gages on t h e  beam. Although not  of great s ign i f i cance  t o  t h e  opera t ion  

of t h i s  transducer,  t h i s  phenomenon may pose a problem i f  t h e  present  

design i s  extended t o  smaller  s c a l e  with lower s t r a i n  l e v e l s .  

C. DRIFT TEST 

The t ransducer  was placed on the r a d i a l  a r t e r y  and pressures  w e r e  

recorded fo r  a period of 20 minutes. 

t h e  t ransducer  read a pressure of 115/62, while t h e  sphygmomanometer 

read a pressure of 107/65. A t  t h e  end of t h e  run t h e  t ransducer  read 

a pressure  of 105/52, while t he  sphygmomanometer read 110/67. Calibra- 

t i o n  a t  t h e  end of t he  run revealed a zero s h i f t  of -10 mmHg and a s h i f t  

i n  c a l i b r a t i o n  of -5% (7 mm out  of 150 mm test  pressure) .  Variat ions 

i n  blood pressure readings during the run w e r e  a t t r i b u t e d  t o  s h i f t i n g  

of t h e  t ransducer  over t h e  a r t e r y .  The pos i t i on  w a s  re -es tab l i shed  i n  

order  t o  ob ta in  t h e  f i n a l  readings.  

A t  t he  beginning of t h e  run, 

D. COMPARISON TO SPHYGMOMANOMETER 

A series of tests was performed t o  determine how w e l l  the  blood- 

pressure  t ransducer  readings compared t o  s y s t o l i c  and d i a s t o l i c  readings 

taken with a sphygmomanometer. The t ransducer  was c a r e f u l l y  posi t ioned 

on t h e  l e f t  r a d i a l  a r t e r y  t o  ob ta in  the  maximum pulse-wave-amplitude 

output .  A standard sphygmomanometer and an e l e c t r o n i c  s te thoscope were 

used t o  record s y s t o l i c  and d i a s t o l i c  pressure  i n  t h e  r i g h t  arm. Both 

readings w e r e  taken simultaneously and recorded on a two-channel recorder .  

A t y p i c a l  recording i s  shown i n  Fig.  4 .  The upper t r a c e  shows cuff 

pressure  with Korotov sounds superimposed. The lower t r a c e  i s  the  pre- 

c a l i b r a t e d  blood-pressure transducer output .  The r e s u l t s  of t hese  

tests are tabula ted  i n  Table I .  
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FIG. 4 TYPICAL COMPARISON TO SPHYGMOMANOMETER 

The d i f f e r e n c e s  between t h e  two measurement methods are a t t r i b u t e d  t o  

t h e  fo l lowing  f a c t o r s :  (1) error i n  sphygmomanometer readings, and i n  in- 

t e r p r e t a t i o n  of s te thoscope  recordings, e s p e c i a l l y  i n  t h e  d i a s t o l i c  measure- 

ment; (2) d i f f e r e n c e  i n  blood pressure between t h e  two arms; (3) error i n  

pos i t i on ing  of t h e  t ransducer ;  and (4) s i z e  m i s m a t c h  between a r te ry  and 

t ransducer  r i d e r .  

During these  tests, t h e  transducer w a s  found t o  be q u i t e  s e n s i t i v e  

t o  p o s i t i o n .  I t  w a s  necessary t o  hold t h e  t ransducer  i n  pos i t i on  r a t h e r  

than r e l y  on a s t r a p .  

The technique of searching f o r  t h e  h ighes t  pu l se  output  by changing 

p o s i t i o n  and box pressure  proved t o  be q u i t e  p r a c t i c a l  f o r  t h e  o r i g i n a l  

pos i t i on ing  of t h e  t ransducer .  

E. CENTRIFUGE TEST 

The blood-pressure t ransducer  was appl ied  dur ing  cen t r i fuge  tests 

on October 24, 1962, a t  t h e  University of Southern C a l i f o r n i a .  Measure- 

ment w a s  attempted on t w o  s u b j e c t s .  The i n i t i a l  l o c a t i o n  of t h e  temporal 

a r t e r y  w a s  no t  d i f f i c u l t  when t h e  transducer w a s  hand-held. Optimum 

pulse  amplitudes of 60 percent of t h e  r a d i a l  pu lse  could be obta ined  on 

both s u b j e c t s .  The t ransducer  could no t  be pos i t ioned  as accu ra t e ly  
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under t h e  headband as when i t  w a s  hand-held, and pulse  amplitudes dropped 

t o  approximately 10 percent of t he  r a d i a l  pulse .  When t h e  helmet f ace  

mask was closed, t h e  t ransducer  was sh i f t ed  and t h e  pulse  was lost  en- 

t i r e l y .  This s h i f t i n g  was believed t o  occur when t h e  f ace  mask touched 

t h e  headband over a l a rge  area, which led  t o  a compressing e f f e c t  a s  t h e  

helmet was closed and reduced the  headband tens ion .  The same loss of 

s i g n a l  could be produced by pressing t h e  headband aga ins t  t he  forehead. 

I t  w a s  not  poss ib le  t o  obta in  a s igna l  from t h e  f i r s t  subjec t  with t h e  

headband cross ing  the  forehead and with t h e  helmet c losed.  A s  a f i n a l  

e f f o r t ,  t h e  headband was removed and replaced by a chin s t r ap ,  passing 

over t h e  t o p  of t he  head. With t h i s  arrangement, pulses  w e r e  obtained 

a f t e r  t h e  helmet was closed, although even here  t h e  s u b j e c t ' s  t a lk ing  

caused the  band t o  s h i f t ,  with a gradual loss of s igna l .  

On t h e  second subjec t  t he  transducer was placed on the  zygomatic 

branch of t h e  temporal a r t e ry ,  and t h e  headband appl ied  with g r e a t e r  

tens ion .  The f ace  mask w a s  cu t  out  t o  leave s u f f i c i e n t  room f o r  t h e  

t ransducer ,  and t h e  subjec t  w a s  i n s t ruc t ed  t o  f o r c e  h i s  head aga ins t  t he  

helmet on t h e  s i d e  opposi te  t h e  transducer during t h e  c los ing  of t he  

f ace  p iece .  The f a c e  piece w a s  then closed with no l o s s  of s igna l .  

The s i g n a l  was recorded s a t i s f a c t o r i l y  u n t i l  acce l e ra t ion  was begun. 

A s  t h e  acce le ra t ion  increased, t h e  p u l s e  amplitude reduced and f i n a l l y  

disappeared. Nothing but v ib ra t iona l  no ise  could be observed during the  

acce le ra t ion  period ( the  f i r s t  run was made a t  2g) .  A s  t he  acce le ra t ion  

reduced, t h e  pulse  amplitude was res tored  and reached a maximum, diminishing 

again as zero  g w a s  reached. Therefore, some permanent s h i f t  occurred. 

The 4g run exhibi ted the  same e f f e c t s .  

F. COMPARISON W I T H  DIRECT INTRA-ARTERIAL MEASUREMENT I N  ANIMALS 

Fur ther  t e s t i n g  of t h e  transducer was performed by measuring t h e  

blood pressure  i n  t h e  arteries of a dog and a c a t .  An i n i t i a l  at tempt 

was made t o  acqui re  the  pulse  of the  femoral a r t e r y  through t h e  (shaved) 

sk in .  This w a s  not poss ib le  i n  t h e  c a t  because of t h e  depth of t h e  

artery,  i t s  loca t ion  i n  a non-f la t  region of t h e  body, and the  absence 

of hard underlying t i s s u e  o r  bone t o  support  t h e  a r t e r y .  

a r t e r y  could be palpated e a s i l y  and good pulses  w e r e  obtained. 

The dog's 

However, 
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t h e r e  w a s  a severe discrepancy i n  pulse shape as compared to  t h e  cannula 

recording (see Fig.  5). The a r t e r y  was exposed, and the  measurement made 

again;  t h e  same pulse  shape discrepancy ex i s t ed .  

I n d i r e c t  p ressure  readings were obtained from t h e  exposed femoral a r -  

t e r y ;  d i r e c t  measurements w e r e  made with a Statham pressure t ransducer  con- 

nected t o  a cannula i n  t h e  c o n t r a l a t e r a l  femoral a r te ry .  The femoral a r t e r y  

of t h e  cat appeared t o  be approximately 0.050 inch i n  ex te rna l  diameter;  
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pos i t i on ing  of t h e  t ransducer  w a s  therefore  somewhat d i f f i c u l t .  How- 

ever, s a t i s f a c t o r y  pulses  could be obtained f o r  b r i e f  per iods.  The re- 

s u l t s  are given below. 

Pressure i n  Femoral A r t e r v  of a C a t  

(-g) 

Cannula SRI - 
S y s t o l i c  120 98 
Diastolic 105 77 
Mean 110 84 

Readings w e r e  a l s o  obtained from t h e  c a r o t i d  a r te ry  and abdominal 

a o r t a  of t h e  ca t ,  both of which a r e  l a rge r  than t h e  femoral a r t e r y .  The 

r e s u l t s  a r e  summarized as follows: 

E s t .  Distance from 
A r t e r y  Cannu l a  SRI Transducer Cannulation Point  

Carot id  120/99 - 106 125/95 - 105 12 inches 

Abdominal Aorta 120/95 - 103 125/90 - 102 4 inches 

I n  performing t h e  above tests on dogs, t h e  high s y s t o l i c  readings 

and pronounced d i c h r o t i c  notch displayed by t h e  cannulat ion system 

indica ted  i n s u f f i c i e n t l y  damped response. When t e s t ed ,  t he  sys t em d is -  

played an overshoot of 60 percent i n  response t o  a s tep-pressure input  

of 100 mmHg and 30 mil l isecond rise time. The resonant frequency i s  

7 cps. (The pulse  r a t e  of t he  dog was 4 cps.)  There w a s  a decay time 

of 34 mill iseconds.  Because the  cannula s y s t e m  d i d  not f a i t h f u l l y  

follow t h e  blood pressure  pulses,  only t h e  mean value has s ign i f i cance .  

The complex pulse  shape made the  determination of mean pressure d i f f i c u l t .  

However, when v a r i a t i o n s  of blood pressure w e r e  caused by s t imula t ion  of 

t h e  vagus nerve and i n j e c t i o n  of epinephrine and acetylchol ine,  t h e  

t ransducer  followed t h e  v a r i a t i o n s  f a i t h f u l l y ,  even though these  tech- 

niques cause s i g n i f i c a n t  changes i n  vascular  tone.  

For f u t u r e  tests, improved dynamic response of t h e  cannula system 

can be obtained by reducing the  length of tubing between t h e  t ransducer  

and t h e  a r t e r y .  
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V THE SYSTEM CONCEPT 

The pos i t ion ing  of t he  transducer has  been shown t o  be c r i t i ca l  

to  c a l i b r a t e d  pressure  readings.  I t  is, therefore ,  necessary t h a t  t h e  

design of a blood-pressure measuring system include a means of pos i t ion ing  

the  t ransducer  accura te ly .  When t h e  transducer i s  posi t ioned manually, 

observat ion of t h e  pulse  amplitude is used a s  a guide;  t h e  maximum 

reading occurs  when the  transducer i s  i n  t he  co r rec t  pos i t i on .  If t he  

t ransducer  i s  t o  be used continuously f o r  long periods,  a means of 

mounting must be provided. I t  has been found impossible t o  pos i t i on  

t h e  t ransducer  manually before  t h e  mounting device i s  appl ied,  s ince  

the  i n s t a l l a t i o n  procedure invariably moves t h e  t ransducer .  Manual 

pos i t ion ing  a f t e r  mounting i s  very d i f f i c u l t  because of t he  fo rce  with 

which t h e  t ransducer  i s  held aga ins t  t he  body. A s a t i s f a c t o r y  t ransducer  

mounting device should include a means of l i f t i n g  o f f  and moving t h e  

t ransducer  without d i s tu rb ing  the  mounting sys t em.  (The l i f t i n g  o f f  

i s  d e s i r a b l e  t o  allow the  zero l e v e l  of the  t ransducer  t o  be checked.) 

With such a mounting device, t h e  transducer could be posi t ioned a f t e r  

i t  had been mounted on the  body, using pulse  amplitude as a c r i t e r i o n .  

If a helmet w e r e  t o  be placed over  t h e  mounting system, a remote po- 

s i t i o n i n g  con t ro l  would be necessary, s ince  placing the  helmet would 

probably s h i f t  t he  t ransducer .  The remote con t ro l  of t ransducer  

pos i t i on  would a l s o  allow reposi t ioning during a test o r  experiment 

i f  acce l e ra t ion  or subjec t  movement displaced t h e  t ransducer .  

If pos i t i on  sensors  could be added t o  t h e  sys tem,  it would not  

only be poss ib le  t o  t e l l  when the  transducer was of f  t he  a r t e r y ,  but 

t h e  d i r e c t i o n  of t he  required cor rec t ion .  These pos i t ion  sensors  should 

d e t e c t  t h e  loca t ion  of t h e  a r t e r y  with respec t  t o  t h e  t ransducer  r i d e r .  

Small pulse  sensors  located immediately ahead and behind t h e  a r t e r i a l  

r i d e r  would provide the  required information. A poss ib le  arrangement 

i s  shown i n  Fig.  6. The squares marked P a r e  h ighly  sens i t i ve ,  but no t  

necessa r i ly  l i n e a r  o r  s t a b l e  pressure sensors .  I f  t he  sensors  marked 

P a r e  connected so t h a t  t h e i r  outputs oppose, and the  sensors  P a r e  

connected t h e  same way, t he re  would be no output  from e i t h e r  sensor  
1 2 
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FIG. 6 PULSE SENSOR ARRANGEMENT 

when t h e  r i d e r  w a s  properly centered over t h e  a r t e r y .  An o f f s e t  i n  one 

d i r e c t i o n  would produce a p o s i t i v e  output from t h e  pulse  sensors ,  and 

a negative output would r e s u l t  from the  oppos i t e  s h i f t  i n  pos i t i on .  

I f  t h e  pulse  sensors  produce a s a t i s f a c t o r y  signal-to-noise r a t i o ,  

they  can be combined with t h e  remote pos i t i on ing  device t o  form a 

feedback-controlled pos i t i on ing  sys tem.  Such a system would maintain 

t h e  c o r r e c t  t ransducer  p o s i t i o n  under most condi t ions  of uniform ac- 

c e l e r a t i o n .  A shock severe enough t o  move t h e  t ransducer  rapidly,  and 

wi th  enough amplitude t o  move t h e  sensors permanently o f f  t h e  ar tery,  

would d e f e a t  t h e  system. Manual con t ro l  would then  be used t o  r e l o c a t e  

t h e  a r t e r y .  

S ince  t h e  pulse  sensors  are a secondary p a r t  of t h e  ove r -a l l  blood- 

p re s su re  measurement sys tem,  they must be simple i n  design and e a s y  t o  

inco rpora t e  i n t o  a small  t ransducer .  A t  t h i s  po in t  t h e  use of pressure- 

s e n s i t i v e  p a i n t s  appears t o  be t h e  most convenient. Some l imi t ed  ex- 

periments have been performed wi th  sensors made of t h i s  ma te r i a l ,  but 

a r te r ia l  pulses  could not  be obtained; t h i s  i s  a t t r i b u t e d  t o  lack of 

s e n s i t i v i t y  i n  t h e  p a i n t .  More s e n s i t i v e  p a i n t  i s  ava i l ab le ,  and th inne r  

l a y e r s  are requi red  i n  o rde r  t o  achieve t h e  requi red  s e n s i t i v i t y .  
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VI ARTERY SURVEY 

Ten of t h e  most s u p e r f i c i a l  of t h e  l a rge  arteries were surveyed t o  

determine t h e i r  s u i t a b i l i t y  f o r  use as pressure  measuring si tes.  There 

w a s  no attempt t o  modify the  transducer i n  any way t o  f i t  a p a r t i c u l a r  

l oca t ion .  Transducer box pressure was var ied i n  t h e  u s u a l  manner t o  

produce t h e  h ighes t  ava i l ab le  pulse  amplitude. Box pressure,  therefore ,  

g ives  an ind ica t ion  of t h e  amount of t i s s u e  overlying t h e  a r t e r y .  Re- 

s u l t s  of t h i s  survey are given i n  Table 11. 

Although t h e  r a d i a l  a r t e r y  shows good ca l ib ra t ion ,  previous ex- 

perience' i nd ica t e s  t h a t  i t  is  extremely d i f f i c u l t  t o  maintain the  

t ransducer  pos i t i on  on a mobile subject .  

The femoral a r t e r y  measurement shows good agreement with t h e  

sphygmomanometer, but it i s  not ava i lab le  f o r  use on a sub jec t  who i s  

s i t t i n g .  

The brachia l  a r t e r y  i s  a somewhat b e t t e r  l oca t ion  than the  r a d i a l  

and shows f a i r  agreement with the  sphygmomanometer. However, t h e  high 

box pressure  required t o  make the  measurement ind ica t e s  t h e  presence of 

a g r e a t  dea l  of intervening t i s s u e  mater ia l  above t h e  a r t e r y .  Since 

t h i s  a r t e r y  i s  l a r g e r  than t h e  r a d i a l  a r t e ry ,  t h e  loss of c a l i b r a t i o n  

must be due t o  t h e  t i s s u e  mater ia l ,  and would probably not be improved 

by modif icat ions i n  t h e  t ransducer .  

Since readings on the  two branches of t h e  temporal a r t e r y  w e r e  

made with r e l a t i v e l y  moderate a i r  box pressure,  it i s  believed t h a t  t h e  

l o s s  of c a l i b r a t i o n  a t  t hese  s i t e s  i s  due pr imari ly  t o  a s i z e  mismatch 

between t h e  a r t e r y  lumen and t h e  transducer r i d e r .  This i n d i c a t e s  t h a t  

c a l i b r a t i o n  could be improved by reducing t ransducer  s i z e .  In  addi t ion,  

t h e  temporal a r t e r y  s i t e  has  been shown t o  be r e l a t i v e l y  f r e e  of motion 

a r t i f a c t  dis turbances,  and pressure measurement a t  t h i s  s i t e  should not  

encumber the  subjec t  . 

F 'F inal  Report, NAS 2-515. 
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V I  I CONCLUSIONS AND RECOMMENDATIONS 

The r e s u l t s  of t he  t e s t i n g  performed i n  t h i s  pro jec t  show t h a t  t he  

newly designed t ransducer  i s  super ior  t o  t h e  f i r s t  prototype as a pre- 

c a l i b r a t e d  blood-pressure ind ica to r .  Because of t h e  improved charac- 

teristics of t h e  new transducer,  t h e  concepts which led t o  t h e  design 

changes are considered t o  be val id ,  and i n d i c a t e  t h e  d i r e c t i o n  f o r  

f u t u r e  improvements. These concepts a re :  

(1) The r i d e r  should be smaller than t h e  a r t e r y  lumen. 

(2) The r e s t r a ined  a r t e r y  def lec t ion  should be a t  least 

one-tenth of t h e  def lec t ion  of t h e  sk in  above t h e  

a r t e r y  when l i m i t e d  by t h e  a rea  of r i d e r  aper ture .  

I t  is ,  therefore ,  recommended t h a t  a t ransducer  be designed f o r  u s e  

s p e c i f i c a l l y  on t h e  s u p e r f i c i a l  temporal a r te ry .  

Judging from t h e  experience obtained with t h e  present  transducer,  

t he  temporal ar tery i s  from 50 t o  70 percent t h e  diameter of t h e  r a d i a l  

ar tery.  Thus t h e  r i d e r  dimension f o r  a temporal a r t e r y  t ransducer  must 

be l e s s  than 0.020 inch. A c i r c u l a r  r i d e r  i s  d e s i r a b l e  t o  e l imina te  t h e  

need f o r  t ransducer  alignment with t h e  a r t e r y  d i r e c t i o n .  The es t imate  

f o r  f r e e  sk in  de f l ec t ion ,  which e s t ab l i shes  t h e  required s t i f f n e s s  of 

the  measuring system, must be revised; t he  "free" de f l ec t ion  t o  be con- 

s idered  i s  the  a c t u a l  displacement as measured through t h e  r i d e r  ho le  

(between the  s i d e  p l a t e s )  without the r i d e r  present .  Since t h i s  de- 

f l e c t i o n  i s  probably much less than the  120 microinches assumed f o r  t h e  

free temporal a r t e r y ,  t h e  allowable de f l ec t ion  of t h e  r i d e r  must be 

correspondingly reduced t o  approximately one microinch. 

I n  addi t ion,  t h e  t ransducer ' s  over-al l  s i z e  must be reduced, an 

a i r  box must be designed f o r  locat ion near  t h e  ear ,  and a mounting 

sys t em must be developed t h a t  allows t h e  establ ishment  and maintenance 

of t ransducer  pos i t i on .  

The design and construct ion of a blood-pressure t ransducer  system 

t h a t  m e e t s  t he se  recommendations i s  admittedly d i f f i c u l t .  However, 
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this problem is not considered to be beyond the state of the art in 

measurement devices, and a thorough investigation of approaches to the 

design of such a system is recommended. 
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APPENDIX 

TRANSDUCER CONSTRUCTION 

Figure  A-1  shows the  major components of t h e  t ransducer  i n  an 

assembly diagram. 

P a r t  N o .  1 (see Fig.  A-21, t h e  s t r a i n  gage beam, i s  made of 24 ST 

aluminum. I t  has  an e f f e c t i v e  length of 0.220 inch with a th ickness  

of 0.007 inch  and a width of 0.125 inch. The beam includes t h e  a r t e r i a l  

r i d e r  as an i n t e g r a l  p a r t .  Epoxy adhesive i s  used t o  mount t h e  beam 

on the  base p l a t e  and between the  s i d e  p l a t e s .  Four s t r a i n  gages 

(MS-301-120) and one thermis tor  (VECO-31 A-7) are fas tened  t o  t h e  t o p  

of t he  beam with epoxy cement as shown i n  F igs .  A-1  and A-2. 

P a r t  No. 2, t h e  base p l a t e ,  i s  milled f r o m  24 ST aluminum. This 

i t e m  forms t h e  support  s t r u c t u r e  f o r  the e n t i r e  t ransducer ,  and i s  

shown i n  F ig .  A-2. 

P a r t  No. 3, s i d e  p l a t e s ,  i s  also made from 24 ST aluminum. The 

func t ion  of these  i s  t o  provide support  for t h e  beam and to  hold t h e  

feed-through e l e c t r i c a l  connector groups. A s  shown i n  Fig. A-2, t h e  

feed-through connectors are formed of No. 24 AWG w i r e  molded i n t o  

pos i t i on  through t h e  s i d e  p l a t e s  with RTV-60 s i l i c o n e  rubber.  

When assembly of t h e  f i r s t  t h r e e  i t e m s  was completed, t h e  t rans-  

ducer f a c e  was polished f l a t  t o  present  a smooth f l u s h  sur face  t o  t h e  

sk in .  

A f t e r  wir ing t h e  s t r a i n  gages to  t h e  feed-through connectors with 

N o .  41 AWG w i r e ,  t h e  t ransducer  top, Item 4, w a s  i n s t a l l e d  using RTV-11 

s i l i c o n e  rubber a s  a cement. 

The a i r  box c o n s i s t s  of aluminum r ing  1 inch OD, 1/32 wal l ,  7/16 

high, with a l u c i t e  cover.  

The diaphragm i s  molded of RTV-11 s i l i c o n e  rubber t o  a th ickness  

of 0.015 inch.  During t h e  molding operation, t h e  diaphragm i s  bonded 

t o  both t h e  t ransducer  and a i r  box. 
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FIG. A-2 TRANSDUCER COMPONENTS - (GRID LINES 1/8 INCH APART) 

A v e n t  t u b e  c o n n e c t s  t h e  i n t e r i o r  of t h e  t r a n s d u c e r  t o  atmosphere.  

T h i s  p r o v i d e s  l o c a l  ambient  p r e s s u r e  a s  t h e  r e f e r e n c e  f o r  blood p r e s s u r e .  

S i x  l e a d  w i r e s  a r e  i n t r o d u c e d  through t h e  a i r  box w a l l .  These 

w i r e s  a re  e n c l o s e d  i n  a t u b e  t h a t  serves as  a n  a i r  s u p p l y  t u b e .  F i g u r e  

A-3 shows a w i r i n g  diagram of t h e  t r a n s d u c e r .  
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